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m1oE4u fmvIsoRY c- FOR AERommcs 

ByAlvinSelff, CarltonS. Jamee, Thcmaf3 I?- -+-a%, 
and Alfred G. Boiel~evrxLn . 

SUMMARY 

. 

I 

The Amee eugereonlc free-flight vlnd tunnel is a new piece of 
equipment for aerodyhe&c reseerchathlgh sqpereonic Mach&em. It 
haa a very tide bfach nxmiber rage exbendlng from low euper8onic speed8 
to Mach number6 Tn excees of 10. The hi& Mach numbers are reached by 
firing modela at high epeed through the test eection in a dIrection 
oppoeite to the wind-tunnel air streem which haa a moderate supereonlc 
Machnuuiber. Inthis way, high test Reynolds nuuibere are attatiedeven 
at the highest Mach -era and the problem of air condeneation nomnally 
encounteredat Machnumbere above 518 avoided. Aerodynmnlc coefficlente 
me c-ted fbmzn a,photographic record of the motion of the model. 
Methods have been developed for meatiing drag, lift-curve slope, 
pitching-moment-curve slope, center of preesure, and dezuping 1n roll, 
andfurther extenaianof the use of theuind~tunnelie expected. 

The air etreamofthie w3ndtunnelis 3mgerfectdue maiulyto a 
8ymuetrlcaJ. pair of oblique shock wave8 which reflect down the teat sec- 
tlon. Because of the nature of the test technique, the Wperfectione are 
believed to have no eerloue effect on model teats. 

l 

L 

In many respecte, ,the eugerecmlc free-fUght wind tunnel le closely 
related to the free-flight firing rangee ueed fn ballistic research, such 
aa those at the BaUAetic Research Iaboratory and the Eaval Ordnance 
Laboratory. The two meet fUndame~~td polnte of dSference are the use of 
a countercurrent air stream to produce high test Mach lnmibers, and the 
ahortlength andmallnumber ofmeasuring &.tione toubichthewind- 
tunnel inetallatlon ie nec&s&i$~r6:stricted. 
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Thismethodoftestingofferethe fol&wing advantages athigh 
mpersonlc speed8 : 

..- 
. m 

_. 21: 
High Reynolds numbers 
.Ro air condemation problem 

3. Boundaq-layer tmqperatuxes c-arable. 
_... - to thoee encountered In flAgh$ 
4. Wide Mach number range 

_ 

ThemaIn disadvantage ie thatag.rodynamicmea8ure3aenta exe, in generel, 
limited to thoee prop&ties. which can be deduced from the recorded motion - - - 
of a model In free flight. Thus far,metho@ haveb~developedfor __ 
=-J=-ing *sg, 1 ifkcn-ve elope, mment-cume elope, center of preemzr+ 
aud~inginrolL 

Becauee oFk.he unusual nature of th3.e &xipme~~-and because it la 
proving tg be very useM for certain kinds of aerodynamic research, this 
reporti%aebeenprepared. It contains adeticrfptionof the e~ipmentend 
its ueeto obtain aerodynamic coefficiente. The imgerfection8 In the 
wind-tunnel air stream and their effect on model tests are aleo discussed. 

. 

I 
8Yt4Bom L 

a 

&B 

horizontal ccqponentofthe Fnetentaneow acceleratTon o3?the 
modelcenterof~vltynomaal to theturmelcenter line, 
feet per second squared 

boundmycon&intsinrolle~tion 

Y 

-- 

b modelepan, feet _- 

CD - 

CL 

Cz 

c, 

drag coefficient fJL 
ho > 

lift coefficient 
L '. 

( 1 SQO 

rolling-moment coefficient 
( 

rolling nmnent 
swsob > 

ming inpitchdue torate of change of mo&ea incline- 
tion ralative to exe8 fixed in a@ace, seconds 
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daqpinglnpitchd~ torate_of change ofmodelexis IncUze+ 
tion relativle to tind, seoatlde '1 -- 

lift-curve elope 
( > 2 , per radlan 

row -mmentcoeffIcientduetoasymmetryofnaodel 

damping-in-rollcoefficlent Tz L 1 dEg ( > 
pitch4lg-moment-curve slope c 

( > 
consta3lts UEed in roll calaaations 

con&ants defining variation of a with time 

frequency of the pftching motion, cycles per second 

totalpreamme Inwind-tunnel eettling nhnmher, poxmd~per 
square foot 

exLal mdlaterelmments of lnertla&mutmodelcenterof 
gravity, alug feet squared 

dampIng conetant, per second 

constant in the drag equation ,per foot 

mdel length, feet 

uft, pounda 

rolUng4nPentdue tomodelae~etryand~dueto rollInn& 
reepectively, foot pounds 

modelmass, elugs 

test Mach number 

air etream Mach number relative to tuzmel gtruc*e 

rolling velocity, radIana per second 

free-stream static pressure from tunnel-wall measurements, 
pounds per eqgwe foot 
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40 

Q 

frae-etiremdpnamicp1~3eure,poude persqutwefoot 

double Integral with ZWBPeCt to. time of the engI-+Mack 

fun&tan, eeconds aquared 

r c-Rate axle narmaltotlm.Tlel~s 

R 

8 

S 

Reynolds mmiber 

maximum cro8~sctional area of model bcdy, equexe feet 

SW 
t 

ua 

total included area'of allwings, square feet 

tima, secinxb 

x+&se oo3qonentof airdtxee~~velocityrelativetowind 
tunnel, feet per second -- 

%l x-Mae ooqponentofmodelwlocityrelatiw towlnd.ttmnel, 
feet per second 

uO 

VO 

VO 

. Iryise c~cmentofmdelvelocityrelative tothe air &ream, 
feet per secad 

ccqponentofresultapf~locityncxnaal totmmelaxle, feet 
per seooald 

reeultantwlocftyofmodelrelatiwto the air etreem, fed 
per seed 

%I y-wise ccxtpam nt of ma&d velocity, feet per seco2d 
_--.- ---. - _..... 

=m diefence parallel to-tunnel axle -bra-l& by model relative to 
ti~tumel, feet - 

=0 dlstfmcs parallel to tunnel axLs tramsled by model relative to 
Bir sham, feet 

x c&p dis+dmcefrcanmcdelno0etocenter of gravityand center of. - - 
pressure, respectively, feet 

Y horiecmteldisfance f'ram~loenter Une, feet 

a angle ofattack ofmdelrelativetolocal fLL&Itpath, radiam 
E mrerasm of--the asynn+-&y of model t;ending.tq produce roll 

e anglebetueenianm3l~e e&rel&dwtind,radiane . 
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c 

absolute coefficient of viscosity Fp Free stream, slugs per 
foot second 

free-streem sir density, slugs per cubic foot 

roll angle, mdlans 

2sf 

subscrlpte 

i refers to the 5nltLaXl.y choeen values of the constants In the 
roll equation 

vba,+ refer to tlmes, poeitions, and velocities at the iustauts of 
expmure of the shadowgrsphs in stationsl, 2, 3, -4, 
respectively 

la, 14, refer to Intervale of time or distancebetweenstatlons 
ae, etc. lend2,1antS4,2and3,ertc. 

The Wind Tunnel 

The supersonic free-fUght wind tunnel Is a blowdown wdndtunnel 
which utillees the Ames Z-foot low-turbulence pressure wind tunnel as 
a reservoir end which exhausts to the abnomphere. Reservoir pressure8 
up to 6 abmspheres me avaflable. The general arrangementofthexind 
tumel Is illustrated in figure 1. This &awing showy plan 8nd eleva- 
ticm views of the settling chamber, supersonic nozzle,, tee-b section, and 
diffuser. The sqpersonlcnozelele two-dimemsionalwlthplane sldeueXLs 
andrigid, symmetrLc&L, contoureduppe~ andlowerblocks. Theseblocks 
ae titer change&let pa.Izs bedng avsllable for Mach mmibers 2 and 3, but 
OnlytheMqchnumber 2nozslehas beenused. Thetestsectlonls mm& 
nal2.y 1 foot by 2 feet In cross section and fs l8 feet long. It coutadns 
windows for sevenshadowgraphstations, four at5-foottitervals sJong 
the top snd three at 7.5-foot Intervale along the side. Figure 2 ie a 
photograh of the test &ember. The test section is at the left, nith 
theblackphotogrepbIcplateholders of thethree.sIde statLms inview. 
Air flow is fromleft to ri~t,mudelfl%@tifmm righttoleft. At the 
right is the control panel and a portion of the diffuser is visible above 
it. !lBm right-angle turus ~sr,the dlffueer exit bar light frcm the 
tmnel interior. In aadition, the interior of the tunnel is painted 
blackto mInImdee light reflection. i 
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The reeearch models arelaunchedfrom.gun.8 locatedinthe &LfYus~ 
about 35 feet downstreem'of the test-section (fig. 1). The guns range 
inbore diameterfPcm0.22 ipchto 3 inches. AtthetSmeof WsvmLting, 
the 37 ncLlUmeter-size has been the largest gun u8ed. The smaller gun8 
are ueed for teats of bodies alone and the larger ones for winged m&elm. 

a.- There are severeil requ irhnentethatthe rem&h mo&lsmuetn~e~ 
whicharenotePcouatereainconvinti~vindturmel6. Theyhave tobe 
strong enough toulthstandthe highlaunchLngacceleration8 (w to 
loo,000 g's in extreme cases). They have to be XL&t enox@ to decelerate 
mmsursblyfordragde temination end their moments of inertia must meet 
certainre~ lrements inthe case of measureluentof mgularlnotione. They 
mud be stable 80 aa to remain at or near the required attitude in flight;- 
Pkequently, same of the requirements ccdlict with others, but it ha8 been 
found poesible to teet a tide variety of bodies and wing-body ccuublna~s. 
Sane which are being studied are ehoun in ftgure 3(a). AU three of these 
modelscanbe~egero~callystablebyprqperinternaldes~~~ 
locate the center of gravityahead of the center ofpressure. The one at 
the- righew also be spin 8tabLlieed by launching fratu a rifled gun. _ - ____ .-- 

Launching the model.6 without angular dieturbance or damage ie diffi- 
cultandhaa re@zWedprolongeddevelo~t'in several cases. Elements a 
inthe development probleminclude: (1) building themodelwith the 
highest structural strength poesible ccmmensur SteUiththeaerodynamiC 
requirwts of weight snd stability; (2) proper choice 0-r type 
and charge. to prodnc~lowes~o8sible accelerating force on the model for 
a given velocity and given gun barrel 1-h; (3) proper design of the 
plastic carrier, calleda sabot,wb&h fs useda ep~stm to-trsnsmLt . -- 
the accelera+g force to themodel andto holdthemodel -proper . 
alinementae It accelerates downthe gunbsrrel. The keyeLment18 the 
sabotwhichmustseparate fromthentodeluithin a fewfeetof the gun 
muzzle without bpart&ng a large angular tisturbame to the model. WV= 
eral diff'erentklnd8 of sabote have been developedforusetithdifferent 
types of.models. Figure 3(b)shows the disassembledsabots correspondkrg 
tithe models of fQure 3(a). Figure 3(c) ehowa the cm@ete assembliee 
ready for-firing. The sabot at the left mepam* due to aerodynamic 
force on the beveled leading edges of the fingers.1 The way in tiich 
separatioll OCcur8 is shown in a a- h picture (fig. 4).8 The sabot 
at the center of fQure 3 separates because of a sties of circumfkrential 

'It Is believed by the authors thatthe first extensive u8e ofsabots of 
Wetypewas attheBkm3l Ordnance L&oratory, WhiteOak,Marylartd. 

%he vertical lfnes in the shadowgraph are wbes ubich the model breaks 
to initiate the spark. Thisphoto~hwas obtakedinaproofrsnge 
ueedforlauntzh3zzg develoment. 

. - 

.- . 

. 
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cutters rigidlymountedto the gunmusslewhkhactto deceleraw it 
relative to the model. The ssibot et the right is typical of those which 
havebeenusedwith spinn~~models audseparates due to the 8hatterdng 
of the thinplastic collar bythe firing Impact. 

The speedtit,hwhichthemodelLs launchadcanbevsrledframsev- 
eralhundredto severalthousandfe&per secondbychar@ngthetype 
audsmountof~. Thetiderengeoflaunching speeds is one of the 
primary factors contributing to the very wide Mach number range att&n&le 
lnthewdudtwmel. ThemaxImmmlaunching speeddepends outhe strength 
Of the model and SabOt Fn 2Xi8isting laun&Wg loads, or, In the case of 
especially rugged models, on the maxImum pressure LUowable Inthe gun. 
The highest velocity reached to date ha8 been 6600 feet per second. 

Range of Test Conditious 

The test Mach mmbers correspmdlng to launchdng velocities qp to 
8CCQfeet per secmd are shown ti figure 5 for the three methods of 
operation po88ibl.e with the existdng equipollent: noaLrflowthroughthe 
wbd tunnel, referred to as "air-off"; airflowatMachmmber2; and 
airflowat Machnumber 3. The last* condAtions arereferred to as 
"air-on." Althou&Machmmibers up to l.OhavebeenattaIned,no eerlous 
ef'fortha8beenmadetoreachthemaximm poeeible Mach nkber because 
of the need for research in the range which cau now be covered. 

The-range ofteetReynold8 mm&era available inthew5ndtunnel~s 
shownin figure 6for emodel4tiches long. Elincethemodel size is 
considered fixed, there is no variation of Reynolds number at a given 
Mach mmiber for air-off testing. Air-on, the meximumReynoldsmlmberis 
tbreetimestheminimm eteachMachnm&er. The test Reynold8 nuuiber, 
Insteadof decreaslngrapidlywith lacreasingMachnumberas is normal 
ina conventionalhfghlfachnudberwlndtumel, Iucreaseslinearlyuith 
the test Mach mmber. Tliis Is due to the Near lncreaseofthe speedof 
the model relative to the air while the free-streem density, viecomity, 
audspeedof soundremalnflxed. The model size selected for figure 6 
is typical of the moaels which have been used. 

InstrLmlents 

Thebeslcwind-tunnel Instruments ere four shadowgreph stations which 
record the model position and attitude at Y-foot intervals along the test 
section, and a chronograph which records the time intervals between the 
shadowgraph pictures. These Lnst ruments are illustrated in figure 7. In 
addLtion, although not shown In figure 7, there are three wh 



statlane at 7.5-foot intervals in the side of the teetiection, used 
primarily to cmlete th~three-d%mensIonal Picture of the angle of 
attack. Two of the side stations coincide tith the first and last verti- 
cal stations. !Ehese inst ruments are 
considerable development to perfect, 
wlllbe givenhere. Azabre.detalled 
ence.1. 

unique in some respects and required 
but only a brief description of them 
descriptionwiUbe foundinrefer- 

msph.-,The light sourcee for the shadowgraphs are high i&en- 
mity spsrka tit& sn effective photogre;phic .duratLcm of.about 0.3 ticro- 
second. Lightfrcmthe sparks is reflected from spherlc4mlrrors to form 
parallelbeii whlch.p.ass up through the test section ti expose photo- 
grsphic plates just above. The. the of.lXrlng of the sparks is controlled 
by the model, which interrupts the light besm of a photoelectric detector 
just ahead of each station. This produces a signal which, aft;er a time 
delay, causes the spark to discharge et the correcatant. Figure 8(a) 
is a shadowgraph obtained with this equipment. .- 

-- 

- - 

Precise distsnce me aaursments must be obtainedfrcanthe shadowgraph 
plcturee. These measurements are made using an Exvarscale which extenda 
inonepiece.throughthe four.shadowgreph statIons, justbelowthephoto- 
graphic plates, a8 illustreted in figure 7. The silhouette image of a 
part ofthe sc4e is recorded in each shadowgraph and maybe seen along 
the top M.of figure 8(a). To the dIstancea obtained bymeaeuringwith -.- 
reference to thie scale, corrections are appliedfor imperfect-aUnement .- 
of the light bemns. Ithas beenind+catedby check measurements of a 4 
bown length that these corrections bring the Fndiceted distances to 
within O.C#Og inch of the actual distance on the average. 3owever, dim- 
tame mea eurmmds formodelemoving &thigh speedsre notthis accurat-e 
because the model image is slightly blurred due to the flaite duration of 
the spark. Ithasb~faund,hawever,thataglven~vidualcanLocate 
repeatedly a referenoepoint on the Image (usually the model base) with 
EWp?dXling COIlS~Bt~Cy. Due to this ability, andthe e~larltyofthe 
model Images inallshadowgraphs, ithasbeenfoundthatan irtdivldual can 
make repeated distance measurements whbh agree smong themselves, and with 
the measurements of other individnals to within 0.003 inch. It ie believed, 
therefore, that the corrected distance in lawvale are accurate to within 
0.003 inch. 

Chronograph.- Thetime intervalsbetween eparkfirdngs arephoto- 
grqphfcally recorded on a 15-foot length of 35 mm film held at the circmn- 
ference of a 5-foot -dismeter filmdrum(fdg; 7). spot images of two kinds 
are dlstrlbutedalongthis f'ilmbye hi&-speedrotatingprismatthe ten- .._ 
ter of the drum. One set of spot images originates at the shadowgreph 
sparks where a part of the light froa~ each spark, a8 it fires, is directed 
to the chrmographfilm. This is the basic:tarecord snd couslsts of 

. 

four spota about 5 feet apsz-t along the fib& The second eet of spots 
orIgInate et-a flashing mercury arc lemp which flashes at precisely L 

. - _ -__-_-. _- 
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eqpal intervals. In- of 10, 20, ~,or100microseconds areused. 
The time between flashes is controlledby a plezo-electric crystal 
oscillator. These Bpats tie about an inch apart on the film. Figure 8(b) 
Is a small section of ~gr~hfilmwith~s~~~hsparkp~et 
its center and several of the time-bsse pips on either side. The time 
dntervsJsbetweenfiringoftheshadowgr aph spsmks canbereadfroanthe 
filmbycountingtheuhole time-base titervale betweensparkpips end 
interpoletlng In the intervale where the sparkgl& occur. Thereareno 
known errors inthls systemuhichexceedthe errorofreadIngthe film. 

sreususM.yunIformlyspacedonthe filmwdthIn 
0.5percent andfrequentlywithinO.lpercent, corresmto time- 
interval iuequalitles of O.l~crosecond aud 0.02 microeecond, respec- 
tively, for the 20-microsecond interval which is the one most frequently 
used. This Inequality of epeciug is the ac cmmlatedeffectofnonuMform 
operation of the crystal, nonuniformrespcmse of the lmqp,unequal expo- 
sure and dev elopment of pips on the fKl3n, dAmenslonal titebilltg of the 
film, anderrors Inreading. Althoughabsolute accuracy is less *or- 
tant than relative accuracy, the crystelhasbeen calibratedagadnst the 
Bureauof Standards fre~encyslgnsl andis accuratetil&inO.1mlcro- 
second over a period of 1 second. The repeatsbslity of reading the f'llm 
is in the order of O.lmlcroeecond and this Is believed to be the accu- 
racyof the Instrument. 

Althoughthis~tuanelwasoriglnallyconceivedprimarilyfor 
measuring drag, it ha8 been found possible to use It for other aero- 
dynsmdcmeasurements as well. The develo~t of Its use is by no means 
cmlete, so that what follows here is only a tentative report of what 
haa been done to date. More detailed dIscusslcm of the measuring proce- 
&rem cmtllned here will be included where necesssry in later reports. 

Devmt of equatFon.- The equation for ccqputing the drag coef- 
ficient is devetiped by writing ~ewtoIl*e 8eCOnd law for the force and 
acceleration ccqponente parallel to the tunnel axis. 
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D COB 8 + L sin 8 = -m 3 (1) 

Since 6 never exceeds 2O, 

(CD + CL e)'&$ = -m 2 

Assuming that the variation of drag coefficientwith angle of attack can 
be written -- _ 

.- - 
CD = co-+ Ck a2 

and aaeuming a lclnexr lift curve 

CL - c La 

equation (la) becamee 

. . 

This development wIJJ. now be restricted to those cases where the maxImum 
value of the ccat&ination, C&c? + C&+8, ie'lees than 0.02 C~apo and 
can therefore be neglected. With this restriction, equation (lb) becomes 

- 
04 

..- 

_- 

. 



The appror4t.e exweeelon for dynam%c gireesure,~po* 2, diff'ers by less .. 1 -: 
than 0.04 percent from the exact expreselcm,~poV~2, because vo < 0.02~0, 
and will be used here 

Utdng the lower limits, ~0 = 0 and u. = uol when t=O, two lntegra- 
tlons of equstion(lf)gI ve the fQlbldIlg logarlthmlc eqpreseion: 

mFo= 'Lnmwo~t + 1) (2) 

Theunknown CD occura both Inside andoutsidethe logarlthmandcannot 
be calculated except by trial and error. EqandIng.the logarithm in 
eerlee reduces the difficulty. 

KcDxo = KcD+=t - ~~lt)P -I- $Km u&. l - + q (wcmltln 

(3) 

Noting that 

x0 =xm+uat, and %,=RLl+u, 

and&LvidIngthraughby IocD y%elds 

3u = *=t - ~KcD)(Uo,t)2 -I- ~Io=nP(u+~~. l .,+ +a)-=(~tln 

(3a) 

Equation (3a) is the mrklng equation for the calculation of drag coeffi- 
cient . The terms . 

xm" %u=t - &w4.2)+ 

are thee~tionofuniformlgdeceleratedmotion, stice -FL8 the 
value of the deceleration at t = 0. Theaddlticmeltwmeeseduetothe 
decrease indyaemicpreseurexitht~aethe~ldecelerates. In 
practice, the seriee converges rapidly. 
than 4are rarelysignificeztt. 

.Te empowers of t greater 

Use of equation.- me qgantitlee a, t, and K in egxation (3a) 
are obtained from the-'tim&-dTetance record,"f%S model meaeuremente, and 
from the air-stream celibratkn. Two quantities, q.~ and QJ are wduxown. 
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TuonumericaU.yindependenteqw+ons canbewrittenfkrqn(3a)using xm 
and t data from three statibne. These two equations are solved skul- 
taneously for Cp by an Iterative procedure. 

Since only three stations are required.,W caqpute- Cp and four are 
availeble, the data from a singlemodel launch-g areredundantand can 
be used to compute four values of drag coefficient. The average of the 
four ie assUmea to be the beat value for the round. A least-eqwxree 
procedure could be used, but would caaqplkate the data reduction tithout 
signU1cantl.y -roving the remilte since the scatter of the four valnee 
of CL), typically, is k2percent. 

~Accurac .- The ac curacywithwhich drag coefficien~canbemeasured- 
depenZ5iZiie drag coefYXcientandmas8 perunftfrontal area of the 
model. The decelerationmustbe sufficienttocausemeasurable differ- 
ence between the sctual~tion~an'undecelerat-edmo~on. Inparticu- 
k, the Quantity C-t14 - x141, hereAn&ter referredto as the dlatance 
decrement, must be larger than 0.3 Inch 44the experimental scatter is to 
be leee than f2 percent. Thle qyantity ie affected by the drag coeffi- 

.cTent, the body fineness ratio, -the scale of the model, and the materials 
andmethod ofmodel construction, and Its 3mportancemustbe fully 
appreciated in plannFng teets s$nce some modele are unsatIt3factory or 
marginal in this respect. In other cases, there is no difficulty in 
obtaining the required distance decranent. The range of values of die- 
tame dew-t encountered thus far has been from 0.3 inch to 10 Inches. 

A typical set of drag measurements Is presented in figure 9 where 
dragcoefficientieplottedas afunctionof~adhnumberfor a600 cone 
cylinder with a cylinder finenees ratio of 1.2. Thedietance decrements 
in this figure ranged M 1.8 to 4.5 lnchee. The average scatter ofthe 
four reeulta obtained.tith an individual model was kl.4 percent. The 
mean deviatlan of the experimentaJ- points from the faired curve la 
1.2 percent. 

_ ..-_- __.-- - 

Mea8uremente of Lift-Curve Sl.qpe,Pitching-Mtzuent-Curve 
Slope, andcenter ofPressure 

Lift-curve slope.- A method which can.be wed to obtain C& 
involvea measuring the curvature of the flAght pa$h caused-by lift of-a 
mcrdel osclllatdng in p3tch.. The,model is deeigned to execute between l/2 
and 144 pitching oscillations In the test section and is dlsturbed at 
leamchlng 80 as to oscillate with an euqplitude of about y" Fn the horizon- 
talplane. Small oscillationa lrxthe vertical plane also occur due to 
accidental disturbancea. The complete motion in.tbree dimensions cmxlot 
be studiedbecauseofinade&ata'data Intheverticalplane. InStead, 

. 



mcAmdA52A24 --. 13 

the proJection of the.motion in the horizontal plane 18 used assuming 
that the lnteractionbetweenpitchandyawie small. The angle of attack 
ofthemodel andthe l~3teralpoeitionof it8 center of gravity are care- 
fullymeasuredfrcanthee ~hpictureetoprovide thebasic data. 

Using &w-ton*8 second law of motion, the Tn8tantsneous EacC-tion 
of the center of gravity of the model normal to the tunnel axismaybe 
written a8 follows: 

This equation neglect8 the contrlbutlon of the drag force to the lateral 
8cceLGation (see diagram 0n.p. lo). The latter contribut~onie usu8X.y 
negligible, but need not be 80 In every case, 80 care muetbe exercised 
to see if thie omIss~an is permissible. The sngle of attack2.ntb.i~ 
expression varies with time, and the assumptlan is made that the lift 
force varies linearlytiththe angle of attack. 

An equation descrfbing the vsrlation of angle of attack tith t3me 

. 

can be written using the angle-of-attackmeasur ements from the shadowgraph 
pictures and two ass~tlons which define the formof the motion. The 
assumptions are that the restoring moment in pitch ia dWectly propor- 
tlonal to the angle of.attack and that the dsmpIng mom&t in pitch is 
directly proportlonaL to the pitching rate. These aesun@ions lead to 
the followhg Sfferentlal equation: 

(5) 

The solution of this equation 1e.a dsmped sine wave given by: 

a=e -qs CO8 ot - F eti wt) (6) 

Equation (6) la fitted to the observed variation of a with respect to 
time by a least-squares procedure described in reference 2. In this way, 
the four u&nowns, 0, k, E, snd F, iwe evaluated. The complete set of 
four shadowgrqhs is rewired to determine the sine wave 60 the method of 
least squsrea Is not strictly requiredbut is used a8 a convenAent and 
eyElte!matlc method. 

caanbtiing equations (4) and (6) gives the inetantaneou 8 lateral 
acceleration a8 a function of time: 

d2y Wn 
FE=-.at= 

‘L,@ e -kt(E co8 .wt - + sin ut) 
m 

Integral&q with respect to t g$vee the following equation for lateral 
velocity a8 a function of time: 
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=/?+(I!. CO8 Ot - F Sin ot)dt 
m 

t1 

w-e wml 18 the lateral velocity at the first station. A Second 
integration gives the equation of lateral d$eplacem~t. This tTme the 
integrals kwe ~tedbetwef?n J.imitE Corresponding to the tzlmes and 
h%terd pOSitiOn in two shadowgraph StatiOIlS. 

4 

Y2 = Yl + wnJt2 - tl) + wftT* e-+E COB ot - F Sin ot)dt dt 
m 

t1 t1 (94 
The double integral gn the right can be evaluated since both the inte- 
grsndandthelimits sTe known. For brevity, it will be deEigZ&Xd Q12. 

- 

Y2 = y1 + wm,(tp-t‘l) + 
cqos 

m Q12 (gb) _ - 

Inthie equation, *-unkwwn8 are CL and winl. The quantity wm, can _- 
be elimzkated by using data from a third station. -. 

Bolving equations (gb) end(gc)sWultaneou8lyyleldethefollowIng _ __ __ 
expreseion for Ch: 

Aa was the case with drag coefficient, fouriIldependentvaluesof c$& 
canbe obtainedfraanafour-station run. 

Theprimaryreq&rement for agoodtest.run is that the curvature of 
the flight path in the teat section be large enough to be measured accu- 
rately. Early resulti have Indicated that ifa straight line I.8 drawn 
between two measured poeitions of the model, points 1 and -3, the lift- 
curve slope may be obtained within ki'percen-if po5nt-2 falls atleaet 
0.20 inch off the line. Itis expectedthatfuture improvements In 
experiment8ltechniquewiU. reduce this reggwlz 

Pitching-momenW slope and center of preeeure.- The leaet- 
SqWXRE fit t0 the V8ddiiOIl Of a?& Of attach With tti establishe8 
the pitching frequency,w. This:28 it pCMEible't& obtain the pitching- I 
moment-curve elope about the center of gravity from the relation _ 

-._- . -. .- -- _-.-- - .-- - 
. 

- -- __ _____ - ----- -. 

. 
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The scatter in repeated determInatione.of the frequency fe about*5 per- 
cent. This reeults in a scatter of about*10 percent In Cm,. 

The center of pressure can be obtalned frcm the lift and pltching- 
mcrment results using the relation: 

The c$nter of pressure can be repeatedly measured I.n this w8.y with a 
scatter of abouti2 percent of the body length. The percentage errora 
in the margin Of Stability, qp - &g, which is the quantity directly 
even by equation (l2), are consietent tith the percentage errors in 
lift 8nd pitching moment. EIouever, the margin of stability is small 

* compared to the body length (fman 0.05 1 to 0.15 Z), 80 the error in XC:, 
expressed ae a fraction of the body length is much 8maller than the 
errors in lift and pitching moment. 

The damping In roll of tail-body ccmbinatlone can be measuredby 
l8nnchu the model8 from rifled guns and recording photographlcally'the 
roll angle as a function of time as the model passes through the teat 
section. A high-speed motion picture camera is ueed to photograph the 
tail-on view of the nxdel. Depending on the velocity of the model, from 
8 to 50 photographs can be obtained of the model while it is in the test 
section. ROU aI&eE are accurately measured fram the photograph8 on 
the film 8t~ip. These are lAnked by a time reference QhICh i8 printed 
onthem8rginofthefilmbyaflashing~gonUmp as thephotographe 
srebeingtaken. To these data is fitted an equation def%nlng the pure 
rolling motion of an axially smtrlc missile. Themethodueed is 
e88eIltitiy that Of Boti 8Xld NiCOlaideE, reported in reference 3. The 
primary difference between the derivation of reference 3 and that which 
follows here ie in the choice of the independent v8rMble. Because of 
the method of photographing the motion, it was found desirable to choose 
time as the independent variable rather than distance. 

The equation of motion of an axially symmetric missile in pure 
rotig flight (single degree of freedom) is. 

d% 
I= m =Le+Lp (13) 
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inwhich LeandI$ are the roILlAng momenti acting on the missile due 
to out-of-trim ffn allnement and rolling velocity, dcp/at, respectively. 
Ewtion (13) can be rewritten in the'form' 

where 

where C1andC2 are aesumed cdnetant. CC& general solution of eqpa- 
tion (14) 3.8 

(P-B+ Bt+k-CLt (15) 

where 8-c r/cIr the ete@y-eta* roUing peloc~ty. I 

-_ 

The expez%@nt-al procedure is to fit equation (W) to the measured 
variation of Cp with time with the objective of evaluating Cl. The . 
measurementS-af roll position are not highljr'ertiise, but the data arek-. . .: 
redundexit sothata statistical fi+is the best approach to a reliable 
answer. In order to make possib&e a least-ieguarea fit to the data, it - 
18 neceesary to J.InearIee equation (15). lhltlal values are chosen, by 
the method described in reference 3; for the con&ants in equation (15) 
which is then qanded in a Taylor series EibOU~the8e initial values. 

t emC1it LW,AA + &?A, eqalt (ACL)2 + . . . (W 

Inwhlch~AB,A8,M,andAC~ are CO?TeCtiOns to the assumed values of 
the CoZlSta?..ItE. All term8 in ACL.andAA 0% order two or greater maybe 
neglectedif AC1andAA areamall.. Then: . 

. . 
P - 'pi = & +-&+emCLit M _ &Al e-clie~, (17) 

where 

‘pi = Bi + sit + he -c1it 

. __ 

. 

. 

- 
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thero~~ecal~t~~aminitialva3uesoftheco~tanteo~e~ 
tion (15). Equation (17) 56 tQen used to obtain the correctiane to 
these b.litidVdQeE bythemethodof lBEtE~e8 UeingthiEIES&lXied 
values of roll angle. The iterative solutions of equation (17) are con- 
vergent' ff initlal~vEJ.Ues of the con8tante of equation (15) are chosen' 
with reasonable care. Three or four iterations me usually 8ufflcient 
to reduce the correction8 tc negligLble magnitude. 

A few measurements of Ct by this methodhave been obtafned for 
the air-off condition of the w&d tunnel: Four measurements near the 
same Mach number show a scatter of *3 percent. The danping derlvativee 
obtained show good agreement ti.th line8ri eed theory which is the expected 
result for the low Bupereonic &h number at which the test was ruu. 

An extensive &-stream survey in which total head, static pressure, 
and stream s.ugle.were mea8ured showed the maln source of air-stresm. 
3mperfectlons to be a pair of oblique shockwaves xfiich originate at the 
infLectionpointof~enoe~eandreflectdownthe channelas shownin 
figure 10. It is coincidental that the waves reflect frcm the moth 
Joint between the nozzle block8 and the test-ee&ionwsXLe. With the 
originalpoeit$onoftheupper andlower- (whichwere 8lAghtl.y 
divergent to compensate for b oundary-l8yer growth), the wave pattern 
Caused the Mach nmiber td d.eCrea8e EtepuiEe slang the length of the test 
0ectlon. Because of the desirabiUty~ofma3ntalnfng a cormtazitaverage 
Mach number, the upper aud lower +a of the teat eect+n,me diverged 
farther 80 that the flow expanded steadily to compensate for the stepwiee 
compression at the shock8. The resultLngaxTalM8chnumber dletribution 
ie0hownInfigurell. 

In 8~3~2 appllcatti, the &stence of obllw 8hock waves comparable 
to those occurringherewauldeeriaualysffectthe accuracyof the aero- 
dynamic teetlng. Iu the present c8se, the -cation is that the oblique 
waves, while undesirable., do not imtmduc e large errors Inthe teat 
results. This indication is developed in the few iprqraph.8 where 
four tffects.Of the WC-Ve 8yeteIR on model teat8 8Xe disCU88ed. 

TeEt,MaCh immber.- A8 acaneequenceoftheperiodicvariatione in 
air-stream velocity and speed of eouud,'Bze teat Mach nmfber varies 
periodically as the model advances through the teat section. The magzl- 
tude of the vsriatiw depends on,the teat Mach number and ranges Avon 
#).05'ataMach pumber of. 4 to fo.10 at a Mach numb-. of 10. m . . 
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Dynamic pressure.- The shock-waveey8tem affects the test aynamiC 
pies-e since both the density and velocirty of the air stream are 
affected. The maguIt1A.8 of the variation in dynamic preesure lggges 
fkom k2.5 percent at a Mach number of4 to f3.2 percent at a Mach rxmiber 
of lo. The pattern of Vadation at a test Mach nUt&er of 4 is shown ti 
figureJ2. 

. 

In con@utbsg~t~ aerodynamic coe#ficientS fYom the data, the dyn8mlc 
preseure Is assumed to be conetamt at its mean v8Jx&- In the ca8e of drag 
mea8urement, this assumption introduces scatter in the results becaUse the 
mean dyn8miC preeSUres in the *ee ShadOWgraph interval8 are nOteXaCtly 
eglual. The scatter frcm this catfee ha8 been eei$nIated at-less than 
0.5 percent. -'the CaSeOf PitddIlg OT Muing XQotiOZI8, the Ul8teadine88 
Of the dynamic pressure eughtly distort8 the motions sad cause8 BP 
a$pareni scatter of the mea8urementa of angular position abaut.the ideal- 
ized curve. 

Static preeeure.- A large static~pre8sure variation in the stream 
direcSbnexi8ts.due to the shock-wave system. The pressure dietribu~ 
alongthe~eranSLlorerxaU8isplottedinfigure 13. Thenmxlmm 
variation 18~&4.5 percent frcim the mean value. In spite of this l8rge 
variation, the errors which result are baeved to be amall for three 
reason8 : 

-. - _ _ - _ . . . 
1. The preesure difference fore and aft on the model is not the 

full peak-to-peakv8J.w but a small fractloa of this amount-became the 
model 18 &OF-t Cerrred’ tO- the Cy-Ch. 

-_ 

b 

. 

2. The axial force C8UEed by this preeeure difference Is negligibly 
allall caaapared to the drag beCaUSe the teet.dynemic pFeESUre8 are very 
large. The quantity $$ ranges frm 0.0083 at MO = 4 to 0.0013 ati 
w, - 10. 

3. The effect-ofthepreseure~~epton~lpoeitionie com- 
penaatingtithiaanycomplete cyclebecauee the~gradientalternately 
adds t0 and SUbtract Fram the drag. 

to o.s?ei!%%%~~~s~~~~220~ th:zzz Et w 
stream-anglevariatlonrelative to themodel is reduced 50 per&or 
more fKnn its value relative to the tunnel becawe the qpetreem velocfty 
ofthemod61adds Vectoriallyto thevelocityofthe Bfr streem. There- 
fore, to a model proceeding upstre8m sJong the tunnel axis, the varFstion 
in Str8aUl direCti& i8 le88 than f0.5° in a VertiCd PbYle and-f0.20 ip a 

__ horizontalplan&; The effect on the drag of angles of attack of this 
_ magrdtudei68mall. The effect of the stream-angle variation on pitching 

motion8iebellevedtobe small for the folloHngreason8: 
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1. Thepitchingmotions sxe etudiedinthehorizohtalplanewhere 
the EtlX?8lU aIl@Dity i8 least. 

2; The 8xqplitude of the 8tream-angle VarIatlon is amall ccmgmred 
t0 the EZllp~tude Of the PitchFng OSCimtiOn. 

3. The frequencyof the stream-angle variationis aboutfivetimes 
the deSigned frequency of 0ecIllation of the models so the reepon8e of 
the models to the Impressed variation I8 very weak. 

The operation and UEefulneEE of the -8 8upersonic free-flight wind 
tumlel as a research facility has been described. The aerodynamic proper- 
ties whichmaybe studIedinth%s windtunnel include: 

1. Drag 
2. Lift-curve slope 
3. Pitching-moment-curve slope 
4. Center of pressure 
5. Damping in roll 

TheEeItE!af3Urementa csnbemade over awide rangeofMachmmber8 
a&Reynolds numbers at'temperatures 8pproachIngactusJ. flight conditions 
for miSEile8. TeChdqueE are being developed to measure aerodynamic 
properties other then those enumerated here. 

Ame8 Aeronautic8.l Laboratory, 
Hational.Advieory Ccamlttee for Aeronautics, 
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(a) Models. 

(c) Amembllee ready for laUu2bing. 



: . _. - __ 

. 

_ ._ _ _. .-.... .- . 

I 1 

. 

Figure km- Shadowgraph of the separation of a finger-type aa’bot. 
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(a) Shadowgraph. 

(b) Section of chronograph film. 

Figure 8.- Samples.of the time-distance reard. 
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Figure IO,- Obh’que shock-wave pattern in the test section. 
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Axhi dhhnrce from beginnihg of hst section, (Inches) 
Fiwe /I.- Axial &atrbn of oh-s&am Mach nmbor. 
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